The present article reviews the influence of silica fume on the workability and hydration process of ultra-high performance concrete (UHPC). Silica fume, also known as microsilica (MS) or condensed silica fume, is a by-product of the production of silicon metal or ferrosilicon alloys. Silica fume is one of the most effective pozzolanic additives which could be used for ultrahighperformance and other types of concrete. According to the literature review, it is not entirely clear which amount of silica fume is optimal, how silica fume affects the hydration process; although the literature is rich in reporting on silica fume, however, most of the scientists are concentrated on workability and compressive strength. The purpose of this research is to extend knowledge on the workability and hydration process of ultra-high performance concrete affected by different amounts of silica fume. For investigation, slump, viscosity, qualitative and quantitative XRD analysis and compression strength tests were applied. The hydration time was reduces by 4.5 hours, and the compressive strength was increased by 30 % (from 95 MPa up to 127 MPa).
Introduction
Over the past few decades, significant advances in research on cementitious materials have been made, which led to developing a new class composition material with improved strength and durability properties. Probably the best durability and compressive strength properties could be attributed to the ultra-high performance concrete (UHPC). In Lithuania, UHPC is known as the concrete which has a compressive strength over 100 MPa [1] . However, by a adding proper amount of necessary materials, the compressive strength could be increased up to 200 MPa [2] [3] [4] . Chemical admixtures are very important additives which help to reduce the water-to-cement ratio below 0.30, and pozzolanic additives (fly ash, silica fume, groundgranulated blast-furnace slag, etc.) are very beneficial to gain additional mechanical strength during the further hydration process. The most common pozzolanic material used in the UHPC is silica fume [5, 6] . The interaction of silica fume with reactive materials is very complicated and greatly affects the workability and hydration of cementitious materials. A deeper research is required to proper by understand the interaction of silica fume with the ultra-high performance concrete.
Most authors denote that silica fume works on two levels: physical and chemical. The physical effect of silica fume on the concrete is due to its more than 100 times smaller particles than of cement. Fine grains can fit into the space between cement grains in the same way as sand can fill the space between coarse aggregates [7, 8] . A proper particle packing and the optimal amount of silica fume is required in order to get the densest structure with the highest compressive strength and the resistivity to the aggressive environment. The chemical effect is due to the high surface area of amorphous silica which tends to react with portlandite and form additional C-S-H [9, 10] . Although silica fume is a relatively old additive, its amount as a supplementary material in concrete mixtures is not fully understood. More thorough investigations on the physical and chemical effects of silica fume should be conducted.
S. Kennouche researched self-compacting concrete and found that the best workability results could be achieved when 15 % of silica fume was added to cement [11] . Badr El-Din Ezzat Hegazy made bricks for an extremely aggressive environment and found that the best physical and mechanical properties could be achieved and when the mixture contained 25 % (by weight) of silica fume [12] . Dilip Kumar Singha worked with various types of concrete when w/c = 0.45 and noticed what workability, durability, strength, resistance to cracks could be improved with a combination of 6 % of metakaolin and 15 % (by weight) of silica fume [13] . S. Goberis in his research found that with deflocculation admixtures the content of microsilica could be reduced [14] . S. Bhanja tried to find the optimal amount of silica fume for tensile strength and found that the best compressive strength at 28 days was obtained with 5-10 % and the best flexural strength with 15-25 % of silica fume. The optimal value greatly depended on the water-to-binder ratio [15] . Yin-Wen Chan researched the effect of silica fume on steel fiber bond characteristics and found that 20-30 % (by weight) was the optimal amount for the best bond strength results [16] . H. Katkhuda also found that the optimal amount of silica fume strongly correlated with the water-to-binder ratio [17] . A. A. Elsayed in his experiment with slag cement found that high amounts of silica fume should be avoided, because the mixture slump intends to decrease, but its resistance to water penetration intends to increase [18] . Carsten Geisenhaunsluke noticed that the optimal amount of silica fume conformed with the lowest viscosity of the mixture [19] . Later, Michael Schmidt confirmed this theory and has added that the maximum packing density correlates with the minimum viscosity of a concrete mixture [20] . Ivailo Terzijski has found that when the micro filler is substituted by the same amount of silica fume (by volume), the slump remains almost constant [21] . Melanie Shink [22] and Jennifer C. Scheydt [23] also found similar results. M. K. Maroliya in his research on the Reactive Powder concrete by the qualitative XRD analysis method found that the optimal amount of silica fume depended on the applied curing regime [24] . Detlef Heinz noticed that even if the thermal regime was applied, silica fume still reacted with portlandite, creating additional C-S-H phases [25] . J. Zelic investigated the effect of silica fume on cement kinetics and found that the addition of silica fume accelerated the initial rate of cement hydration, however, the pozzolanic reaction started only after 7 days of the hydration process [26] . Z. D. Rong investigated a cement-based composite with low water-to-binder ratio (≤0.35) and noticed that the unhydrated cement particles were surrounded with a high density C-S-H, low density C-S-H was hardly found [27] . An Cheng in his researched found that even a small addition of silica fume greatly reduced the porosity and hindered the leaching of calcium ions on cement-based materials [28] .
According to the literature review, it is not entirely clear which amount of silica fume is optimal, how silica fume affects the hydration process; the literature is rich in reports on silica fume, however, most of the scientists are concentrated on workability and compressive strength. The purpose of this research is to extend the knowledge the workability and hydration process of ultra-high performance concrete affected by different amounts of silica fume. The better understanding of cement hydration could help not only in the field, but also save some cement and silica fume. For the investigation, slump, viscosity, the qualitative and quantitative XRD analysis and compression strength test methods were applied. Only pencil marks of page numbers should be used.
Materials and methods
Cement. Portland cement CEM I 52.5 R was used in the experiments. The main properties of this cement were as follows: the paste of normal consistency makes up 28.5 %; specific surface (by Blaine) equals 4840 cm 2 /kg; the soundness (by Le Chatelier) measures 1.0 mm; the setting time (initial/final) is 110/210 min; the compressive strength (after 2/28 days) was found to be 32.3/63.1 MPa. The mineral composition could be quantitatively expressed as C3S -68.70 %, C2S -8.70 %, C3A -0.20 %, C4AF -15.90 %. The particle size distribution is shown in Fig. 1 .
Silica fume. Main properties: density -2532 kg/m 3 ; bulk density -400 kg/m 3 ; pH -5.3. The particle size distribution is also shown in Fig. 1 .
Quartz powder. In the experiments, the quartz powder was used. The main properties of quartz powder are as follows: the density equals 2671 kg/m 3 ; the bulk density is 900 kg/m 3 ; the average particle size was found to be 18.12 µm; the specific surface (by Blaine) is 3450 cm 2 /g. The particle size distribution is shown in Fig. 1 .
Quartz sand. In the experiments, quartz sand was used. The main properties of quartz sand are: its fraction equals 0/0.5; its density is recorded as 2650 kg/m 3 ; the specific surface (by Blaine) numerical value is 91 cm 2 /g. Chemical admixture. In the experiments, a superplasticizer (SP) based on polycarboxylic ether (PCE) polymers with the following main properties was used: its appearance was -dark brown liquid, its specific gravity (20 C) measured 1.08 ± 0.02 g/cm 3 ; the pH value was 7.0 ± 1; the viscosity was 128 ± 30 Pa·s; it had the 65.0 % alkali content and the 60.1 % chloride content. [32] . Cement pastes were prepared with the water-to-binder ratio W/B = 0.30. Measurements were performed with a TC-08 thermocouple data logger and a type K thermocouple. The main specification of the TC-08 data logger: the number of channels -8; measures from -270 °C to +1820 °C; temperature accuracy ±0.2 °C. [30] . Dynamic viscosity was measured by the falling ball method (modified Stokes method) described in [31] .
Sample preparation for XRD analysis. Hardened cement pastes with 0 %, 10 %, 15 % and 20 % of silica fume were used for the XRD analysis. The XRD measurements were performed with an XRD 3003 TT diffractometer of GE Sensing & Inspection Technologies GmbH with θ-θ configuration and CuKα radiation (λ = 1.54 Å). The angular range was from 5 to 70° 2θ with a step width of 0.02° and a measuring time of 6 sec/step. For XRD quantitative phase analysis using the Rietveld refinement, the samples were mixed with 20 wt.% ZnO (a standard material widely used in the XRD analysis) as an internal standard and stored in the argon atmosphere until measurement. This permits estimating the amount of non-crystalline phases by the Rietveld fitting procedure. 
Results and discussion
According to the methods described above, four compositions of UHPC with different amounts of silica fume were created (Table 4) . 0SiO2/100QP is the reference composition without silica fume, 10SiO2/90QP when 10 % of quartz powder is substituted by silica fume, 15SiO2/85QP when 15 % of quartz powder is substituted by silica fume, and 20SiO2/80QP when 20 % of quartz powder is substituted by silica fume. The main goal of the experiment was to find out how different amounts of silica fume affects the workability and hydration process of UHPC. For the investigation, the slump test, modified stokes, the semiadiabatic, qualitative and quantitative XRD analysis, the density and compressive test methods were applied. 
Slump and dynamic viscosity
An interesting fact was noted that when silica fume was added to the UHPC composition from 0 % to 20 % (by weight), the slump in all compositions remained almost constant (~37.5 ± 0.5 cm). The substitution degree of quartz powder by silica fume did not affect the slump of the UHPC mixture (Fig. 2) .
Fig. 2.
Influence of silica fume on the slump and dynamic viscosity of UHPC Fig. 3 . Influence of silica fume on cement paste hydration temperature However, the dynamic viscosity was affected dramatically: viscosity decreased more than by half -from 44 Pas (0SiO2/100QP) to 20 Pas (15SiO2/QP85). The lowest dynamic viscosity was obtained in the composition (15SiO2/QP85) when 15 % of the quartz powder was substituted by silica fume. The lowest dynamic viscosity probably related with the best particle size distribution and the maximum packing density. Maximum packing within the cement particles reduces the wall effect in the transition zone between the paste and the microfiller, giving a denser, more homogeneous and uniform UHPC mixture. Figure 3 shows the effects of different amounts of silica fume on the cement pastes (W/B = 0.30) hydration temperature development. Interesting by with an increased amount of silica fume the cement hydration rate and temperature increased.
Cement paste hydration temperature
When the quartz powder was substituted from 0 % to 20 % by the silica fume, the hydration temperature increased by about 50 % -from 31.44 °C (0SiO2/100QP) to 46.86 °C (20SiO2/80QP), the hydration rate increased by about 15 %, and the final hardening was reduced by 4.5 hours (20SiO2/80QP).
The area under the temperature curve can be attributed to heat flux during the hydration process (Table 5 ). It could be noted that in compositions with silica fume the area under the temperature line was almost similar (~7.0 relative units). So, it could be concluded, that a higher amount of silica fume only accelerates the cement paste initial hydration process; however, the final strength is affected negligibly, and the further strength gain is mostly due to the on-going pozzolanic reaction.
The accelerated hydration rate and the increased hydration temperature probably could be explained by two phenomena: the dissolved silica fume produces a weak silicic acid which accelerates the dissolution of the clinker mineral and, being a relatively small silica fume, generates nucleation sites for the precipitation of hydration products. Figure 4 illustrates the XRD patterns of four hardened cement pastes with different amounts of silica fume when no heat treatment was applied. The CH phase was found at d equalling 0.3042; 0.2789 and 0.1924 nm. Evidently, the crystalline phase of CH was decreased with an increased amount of the silica fume. C2S was found at the following levels of d: 0.2790, 0.2783, 0.2745, 0.2645, 0.2610, 0.2189 nm, while C3S phases were found at d equalling 0.3036, 0.2773, 0.2748, 0.2604, 0.2181 nm. It was noticed that with increased amounts of silica fume decreased the intensity of C2S and C3S phases. The decreased C2S and C2S peaks were probably related with the better solubility of the clinker phase, and the decreased CH peaks were related with the consumption by silica fume. Figures 5 and 6 illustrate the XRD quantitative analysis of four hardened cement pastes with different amounts of the silica fume. Experiment results revealed that the clinker phases in the specimens continued to react with waterforming amorphous phases and portlandite. Silica fume reacted with portlandite to form additional C-S-H phases. When heat treatment was not applied (Fig. 5 and Table 6 ) and the silica fume was increased up to 20 % (by weight), the portlandite phase decreased from 11.9 % (0SiO2/100GP-T20) to 3.7 % (20SiO2/80GP-T20) and the amorphous phase increased from 36.9 % to 47.1 % respectively.
Qualitative and quantitative XRD analysis
When heat treatment was applied ( Fig. 6 and Table 6 ) and silica fume was increased up to 20 % (by weight), the portlandite phase decreased from 13.6 % (0SiO2/100GP-T80) to 0.0 % (20SiO2/80GP-T80), and the amorphous phase respectively increased from 40.9 % to 47.5 %. The contents of the main hydration products are listed in Table 6 . One can see that there is a large quantity of unhydrated cement due to the low W/B ratio. The remained cement quantity correlates with the cement paste hydration temperature. The XRD analysis revealed that cement pastes with different amounts of silica fume had a positive effect on the portlandite consumption. Portlandite makes an inhomogeneous microstructure, which had a negative effect on the compressive strength. The reduced portlandite compressive strength can increase due to formation in a less porous transition zone and formation of additional C-S-H. However, the applied thermal treatment and the addition of 20 % of silica fume consumed all portlandite, verifying that in the researched composition (20SiO2/80GP-T80) the 20 % substitution of quartz powder by silica fume was not economical. 
Density and compressive strength
As was expected, the density of the UHPC composition with and without heat treatment when different amounts of quartz powder was substituted by silica fume remained almost constant and was about 2400 kg/m 3 ( Fig. 7 and Table 7 ). The lowest density was obtained in the reference composition (0SiO2/100QP) without silica fume, and the highest density was obtained in the composition (15SiO2/85QP) when 15 % of quartz powders were substituted by silica fume. These results correlate with the highest and the lowest viscosity.
An interesting fact was noticed that portlandite consumption by silica fume was the highest in the composition (20SiO2/80GP-T80) with 20 % (by weight) of silica fume; however, the best compressive strength result was obtained in the composition (15SiO2/85GP-T80) with 15 % (by weight) of silica fume, probably due to a better particle size distribution and the obtained densest structure.
When the heat treatment was not applied, the compressive strength increased by about 34 % -from 95 MPa (0SiO2/100QP) to 127 MPa (15SiO2/85QP). When heat treatment was applied, the compressive strength increased by about 47 % -from 96 MPa (0SiO2/100QP) to 141 MPa (15SiO2/85QP). These results correlate with the lowest viscosity and the highest density of UHPC.
In the experiment it has been noticed that silica fume reacts with calcium hydroxide to produce additional calcium silicate hydrates (C-S-H); thus, the compressive strength of concrete increases; however, since silica fume has a very high surface area, high amounts ≥15 % (by weight) of silica fume are not desirable for a good-workability concrete, because water requirements for the normal consistency mixture and viscosity tend to increase. Another interesting fact was that the compressive strength after 28 days with thermal treatment as compared without thermal treatment was not significantly increased. However, the amount of portlandite was reduced drastically, and this means that the 28-day thermal treatment for compressive strength is not efficient. Better particle size distribution has a more positive effect on workability and compressive strength. However, the increased amount of silica fume not necessarily gives the densest structure; it has a positive effect on the further hydration, but due to the decreased workability an inhomogeneous structure formation could be expected.
Conclusions
An extensive experiment was carried out to determine the silica fume effect on the ultra-high-performance concrete. The following conclusions can be derived from the present investigation: 1. When the quartz powder was replaced from 0 % to 20 % by silica fume, slump all the time remained almost constant and was about 37.5 ± 0.5 cm. The lowest viscosity of the ultrahigh performance concrete was achieved when the quartz powder was by 15 % replaced by silica fume, and it was 20 Pas. 2. The semi-adiabatic method revealed that the hydration rate and temperature of the cement paste tended to increase with the increased amount of silica fume. 3. Regardless of the selected thermal treatment, the lowest amount of portlandite was detected in hardened cement samples with the 20 % addition of silica fume. When no heat treatment was applied, portlandite was detected 3.7 % (by weight) and 0.0 % (by weight) with heat treatment. 4. Best compressive strength results at 28 days fallows almost the same trend as lowest viscosity of ultrahigh performance concrete mixture. When heat treatment was not applied and quartz powder was replaced by 15 % of silica fume compressive strength was obtained 127 MPa and 141 MPa with heat treatment.
